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ABSTRACT
We have determined masses, stellar mass functions, and structural parameters of 112 Milky
Way globular clusters by fitting a large set of N-body simulations to their velocity dispersion
and surface density profiles. The velocity dispersion profiles were calculated based on a
combination of more than 15000 high-precision radial velocities which we derived from
archival ESO/VLT and Keck spectra together with ∼20000 published radial velocities from
the literature. Our fits also include the stellar mass functions of the globular clusters, which are
available for 47 clusters in our sample, allowing us to self-consistently take the effects of mass
segregation and ongoing cluster dissolution into account. We confirm the strong correlation
between the global mass functions of globular clusters and their relaxation times recently
found by Sollima & Baumgardt (2017). We also find a correlation of the escape velocity from
the centre of a globular cluster and the fraction of first generation stars (FG) in the cluster
recently derived for 57 globular clusters by Milone et al. (2017), but no correlation between
the FG star fraction and the global mass function of a globular cluster. This could indicate that
the ability of a globular cluster to keep the wind ejecta from the polluting star(s) is the crucial
parameter determining the presence and fraction of second-generation stars and not its later
dynamical mass loss.
Key words: globular clusters: general – stars: luminosity function, mass function.
1 IN T RO D U C T I O N
Globular clusters are excellent laboratories to study star formation
and the early evolution of galaxies since they contain large samples
of equidistant stars that have coeval ages (at least to within a few tens
of Myr) and similar chemical abundance patterns (at least for heavy
elements). Measuring the properties of stars in globular clusters
therefore allows to accurately determine many of the fundamental
parameters of globular clusters like distances, ages, metallicities,
sizes and masses. In addition, their high stellar densities make them
unique environments for the creation of exotic stars l,ike blue strag-
glers (Bailyn 1995; Davies, Piotto & de Angeli 2004), low-mass
X-ray binaries (Verbunt 1993; Pooley et al. 2003), and millisecond
pulsars (Manchester et al. 1991). Globular clusters are also among
the prime environments for the creation of black hole binaries that
are tight enough so they can merge through the emission of gravita-
tional waves within a Hubble time (Banerjee, Baumgardt & Kroupa
2010; Downing et al. 2011; Rodriguez, Chatterjee & Rasio 2016;
Askar et al. 2017). They are also interesting from a theoretical
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point of view since they allow to study the interplay between stellar
evolution, binary evolution, and stellar dynamics.
An accurate understanding of the current state and evolutionary
history of a globular cluster requires a detailed knowledge of its
internal mass distribution as well as the current stellar mass function.
In recent years, information on the velocity dispersion profiles has
become available through large surveys using either multi-object
spectrographs on 4m and 8m class telescopes (e.g. Lane et al. 2011;
Kimmig et al. 2015; Lardo et al. 2015; Kamann et al. 2018) or proper
motions of stars using HST (Watkins et al. 2015a). In addition, HST
photometry has allowed to determine the stellar mass functions of
many globular clusters from the tip of the red giant branch down
to almost the hydrogen burning limit (e.g. De Marchi, Paresce &
Pulone 2007; Paust et al. 2010; Webb & Leigh 2015; Sollima &
Baumgardt 2017). At the same time, analytic models like King–
Michie models (e.g. Sollima, Bellazzini & Lee 2012) or models
based on the solution of lowered isothermal distribution functions
like the LIMEPY models (Gieles & Zocchi 2015) have become
sophisticated enough to model the internal mass distribution of a
globular cluster including mass segregation. Furthermore, progress
in the speed of computers as well as increasing sophistication of
the computer codes has allowed to perform simulations of globular
clusters with up to 106 stars through either direct N-body (Heggie
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2014; Wang et al. 2016) or Monte Carlo simulations (e.g. Giersz &
Heggie 2011; Askar et al. 2017), meaning that a detailed comparison
of observations and simulations for individual globular clusters has
become possible (e.g. Zonoozi et al. 2011). While analytic models
are flexible and fast, direct simulation methods are naturally self-
consistent and offer the opportunity to put constraints on the initial
conditions of Milky Way globular clusters.
Baumgardt (2017) has recently derived total masses and mass-to-
light ratios of 50 Galactic globular clusters based on a comparison
of their velocity dispersion and surface density profiles with the
results of a large set of N-body simulations. In this paper we improve
their modelling by including the stellar mass functions of globular
clusters in our modelling. We do this by calculating new sets of
models that have mass functions that are depleted in low-mass stars
compared to a canonical Kroupa (2001) mass function. We also
significantly improve the velocity dispersion profiles calculated by
Baumgardt (2017) based on individual stellar radial velocities by
additional radial velocities from unpublished spectra from the ESO
and Keck science archives. Our paper is organized as follows. In
Section 2 we describe the observational data used in this paper and
the reduction of the spectra. In Section 3 we present the new grid of
N-body simulations that we have calculated and Section 4 presents
our results. We draw our conclusions in Section 5.
2 O BSERVATIONA L DATA
2.1 Radial velocities
The radial velocities used in this work were derived from mainly
two sources: We first searched the ESO and Keck Science archives
for unpublished spectra of stars in globular clusters. For ESO/VLT
spectra, we searched the ESO Science Archive for reduced, high-
resolution FLAMES, UVES, X-Shooter, and FEROS spectra of
stars within 15 arcmin around the centre of each globular cluster. If
the spectra were not already in a heliocentric reference frame, we
first applied a heliocentric correction to them using the bcvcorr
routine from the RVSAO software package (Kurtz & Mink 1998).
FLAMES spectra were then sky subtracted with the help of the
skycorr package (Noll et al. 2014). In order to perform the sky
subtraction, we used the median of the eight associated sky fibers as
the sky reference spectrum for each stellar spectrum. We then co-
added individual spectra taken within 30 d of each other using the
IRAF1 scombine task and determined stellar radial velocities with
the help of the IRAF fxcor task, using as templates the spectra
of cool giant stars of a metallicity that is comparable to the cluster
metallicity given in Harris (1996). We created the template spectra
with the stellar synthesis program SPECTRUM (Gray & Corbally
1994), usingATLAS9 stellar model atmospheres (Castelli & Kurucz
2004). For each cluster we created the template spectrum from the
theoretical atmosphere models that were closest in metallicity to
the studied clusters and used the same spectral resolution as the
observed spectra.
For a few clusters we also determined radial velocities from
archival ESO/VLT FORS2 spectra that include the Calcium triplet
lines. In order to derive radial velocities from FORS2 spectra, we
reduced the raw data with the help of the ESO Reflex pipeline
1IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in As-
tronomy, Inc., under cooperative agreement with the National Science Foun-
dation.
(Freudling et al. 2013). We then again ran the IRAF fxcor task
and applied a telluric correction to the spectra similar to the analysis
of the Keck DEIMOS spectra described below.
We also derived radial velocities from unpublished Keck
DEIMOS, HIRES, and NIRSPEC spectra available from the Keck
Observatory archive. The DEIMOS spectra were reduced with the
DEEP2 data-reduction pipeline developed by the DEEP2 survey
team (Cooper et al. 2012; Newman et al. 2013), while for HIRES
and NIRSPEC data we used the reduced spectra already available
in the Keck Observatory archive. We then used fxcor to derive the
stellar radial velocities from the spectra. HIRES and DEIMOS spec-
tra were again cross-correlated against synthetic template spectra
created with the SPECTRUM synthesis program, while the NIR-
SPEC spectra were cross-correlated against the infrared spectrum
of the K giant star 10 Leonis available from the CRIRES spectral
library of Nicholls et al. (2017). In order to correct for residual sys-
tematic errors in the absolute wavelength calibration of theDEIMOS
spectra, we cross-correlated them against a telluric template spec-
trum that was kindly provided to us by Tony Sohn and Emily Cun-
ningham. Since the telluric lines should be at zero radial velocity,
systematic wavelength calibration errors can be corrected from the
radial velocity of these lines. Final radial velocities for the DEIMOS
spectra were then calculated according to vr = vobs − vtel − vhel,
where vobs is the radial velocity derived from the stellar template,
vtel the radial velocity from the telluric spectrum and vhel the helio-
centric correction.
In order to improve the accuracy of the stellar positions for all
GCs, we cross-correlated the stellar positions given in the FITS file
headers of the individual spectra against the stellar positions in the
2MASS catalogue (Skrutskie et al. 2006), supplemented in a few
cases by HST/ACS data or other catalogues. The stellar positions
given in the FITS file headers were replaced whenever a matching
position within 2 arcsec was found in 2MASS or one of the other
catalogues.
In total we could derive about 15000 radial velocities from un-
published ESO/VLT and Keck spectra for stars in about 90 globular
clusters. Tables D1–D53 (made available in their full extend online)
list the individual stellar radial velocities that we derived from ESO
FLAMES and UVES observations done before 2014. The member-
ship probabilities Pi in Tables D1–D53 were calculated according
to Pi = 1.0 − erf(
√
χ2i /0.5) where erf is the error function and χ2i
is the error and velocity dispersion weighted difference between the
individual stellar radial velocity vi and the mean cluster velocity
<v > calculated according to
χ2i = e
− 12
(vi−<v>)2
2
i
+σ2r , (1)
Here i is the error of the stellar velocity and σ r is the expected
velocity dispersion at the projected distance of the star calculated
from the best-fitting N-body model.
We supplemented the VLT and Keck data by published radial
velocities from the literature. Our main source of published litera-
ture data is the recent compilation by Baumgardt (2017). Additional
literature data used in this work are given in TableB1. We include
the velocity dispersion profiles recently published by Kamann et al.
(2018) from a MUSE survey of the centres of 25 globular clusters.
In order to allow for easy comparison with the other available radial
velocity data, which is mainly restricted to giant stars, we restrict
ourselves to clusters with a high effective mass in Table 5 of Ka-
mann et al. (2018), i.e. clusters where the MUSE velocity dispersion
profiles are dominated by massive turn-off and giant stars. We also
replaced the APOGEE DR13 radial velocities used in Baumgardt
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(2017) with the radial velocities published in the APOGEE DR14
data release (Abolfathi et al. 2017).
Our final sample consists of 42000 radial velocity measurements
of about 35000 individual stars in 109 globular clusters. The median
uncertainty of an individual measurement is about 0.5 km s−1 and
90 per cent of our stars have velocity errors of less than 2 km s−1.
The errors should therefore be small enough to reliably derive the
velocity dispersion profiles of most globular clusters, except for the
lowest mass clusters in which the internal velocity dispersion is less
than 1 km s−1.
2.2 Radial velocity dispersion profiles
In order to derive velocity dispersion profiles from the individual
stellar radial velocities, we cross-correlated the radial velocities
from the different data sets against each other to bring them to a
common mean radial velocity. The necessary radial velocity shifts
were usually less than 1 km s−1. We then merged the individual data
sets to create a master catalogue for each globular cluster. Multiple
measurements of individual stars were averaged and we performed a
χ2 test to evaluate whether the measured individual radial velocities
were compatible with a constant radial velocity. Stars where the
individual measurements had a less than 5 per cent probability to be
compatible with a constant radial velocity were removed before the
velocity dispersion profile was calculated. The velocity dispersion
profile of each cluster was then determined using a maximum-
likelihood approach. Non-members were removed iteratively during
the calculation of the velocity dispersion profiles. More details on
the way the velocity dispersion profiles were calculated can be found
in Baumgardt (2017). Table C1 presents the velocity dispersion
profiles of all clusters calculated from the individual stellar radial
velocities.2 Fig. 1 shows a comparison of the velocity dispersion
profiles calculated from literature data alone (blue triangles) versus
the velocity dispersion profiles that we obtain using only radial
velocities determined from VLT/Keck spectra for the six globular
clusters which have the largest number of stars in both data sets. It
can be seen that the profiles are in excellent agreement with each
other.
NGC 2298 and Pal 5 have velocity dispersion profiles which in-
crease towards the outer parts, which could be due to the ongoing
tidal disruption of these clusters (Odenkirchen et al. 2002; Balbinot
et al. 2011). We therefore neglected the outermost data point of
their velocity dispersion profiles in our fits. Blecha et al. (2004) and
Bradford et al. (2011) found that the velocity dispersion profile of
Pal 13 could be inflated by binaries. In order to reduce the effect of
these binaries, we only take stars with more than one radial velocity
measurement into account when calculating the velocity disper-
sion of this cluster. This reduces the velocity dispersion by about
50 per cent compared to the case when we use all stars. However,
the resulting M/L ratio is still significantly larger than what we find
for other globular clusters, indicating that undetected binaries might
still be present in the Pal 13 sample. Undetected binaries might also
be present in a few other low-mass and low-density clusters like
Arp 2 or Ter 3 which also have M/L values significantly higher than
the rest of the clusters.
2The radial velocity dispersion profiles including possible updates if new
data has become available since the publication of this paper can also be
downloaded from https://people.smp.uq.edu.au/HolgerBaumgardt/globular/
Figure 1. Comparison of the velocity dispersion profile derived from liter-
ature radial velocities (blue triangles) versus the velocity dispersion profile
derived from radial velocities determined in this work (red circles) for six
clusters which have more than 300 radial velocities in both data sets. It
can be seen that the velocity dispersion profile determined from our radial
velocities is in excellent agreement with the one based on literature radial
velocities.
2.3 Stellar mass functions and other cluster data
We took most stellar mass functions from Sollima & Baumgardt
(2017), who determined stellar mass functions in four annuli in-
side a projected radius of r< 1.6 arcmin around the centres of 35
globular clusters using the HST/ACS photometry published by the
Globular Cluster ACS Treasury Project (Sarajedini et al. 2007). For
most clusters these mass functions cover the area inside the half-
light radius and the mass range between 0.2 M < m < 0.8 M,
although for massive and concentrated clusters, low mass stars are
too faint to be observed in the cluster centres. In addition, we also
searched the literature for additional deep, completeness corrected
HST/ACS and WFPC2 photometry of the luminosity function of
main sequence stars in globular clusters. These data often comple-
ment the ACS Treasury Project data at larger radii, giving a more
complete spatial coverage of the stellar mass function profile for a
particular cluster. We determined the stellar mass functions from
the luminosity functions by fitting either Dartmouth (Dotter et al.
2008) or PARSEC isochrones (Bressan et al. 2012) to the HST
colour-magnitude diagrams. The additional photometric data are
listed in Table B1. In total, we could determine stellar mass func-
tions of 47 globular clusters, i.e. roughly half of all globular clusters
in our sample.
Together with the stellar radial velocity dispersion profiles, we
also fitted the proper motion dispersion profiles published by
Watkins et al. (2015a). We used their combined 1D profiles which
are averaged over the radial and tangential component of the proper
motions. For clusters with available proper motions, we varied the
cluster distances until we obtained the best agreement (lowest com-
bined χ2) in the simultaneous fit of radial velocity and proper motion
dispersion profile. Clusters where distances were fitted are indicated
in column 5 of Table 2. The surface density profiles were mostly
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taken from Trager, King & Djorgovski (1995) and, if available,
from Noyola & Gebhardt (2006). Clusters where we used other
surface density profiles are listed in Table B1. Apparent V-band
magnitudes and their errors were calculated by taking the average
of the apparent magnitudes given in Harris (1996), McLaughlin &
van der Marel (2005), Dalessandro et al. (2012), and the integrated
magnitudes determined in this work from the fit of our models to
the surface brightness profiles. For the clusters in common with
Baumgardt (2017), we took the ages from their paper. For the other
clusters we searched the literature for age determinations. If no
age could be found for a particular cluster, we assumed an age of
12 Gyr.
3 N- B O DY MO D E L S
We determined cluster masses and structural parameters by com-
paring the observed velocity dispersion, surface density, and stellar
mass function profiles against a grid of about 1200 N-body simu-
lations. The details of the N-body simulations and the basic strat-
egy to determine the best-fitting model are the same as described
in Baumgardt (2017) and we refer the reader to this paper for a
detailed description of the modelling. In short, we ran N-body sim-
ulations of isolated star clusters, each containing N= 100 000 stars
initially using the GPU-enabled version of the collisional N-body
code NBODY6 (Aarseth 1999; Nitadori & Aarseth 2012). The sim-
ulated clusters followed King (1962) density profiles initially. The
initial concentrations were varied between 0.2 ≤ c ≤ 2.5 and the ini-
tial radii were varied between 2 ≤ rh ≤ 35 pc. All simulations were
run up to an age of T = 13.5 Gyr and final cluster models were cal-
culated by taking 10 snapshots from the simulations centred around
the age of each globular cluster. The combined snapshots of the N-
body clusters were scaled in mass and radius to match the density
and velocity dispersion profiles of the observed globular clusters
and the best-fitting model was determined by interpolating in the
grid of N-body simulations.
In the simulations done by Baumgardt (2017), cluster stars fol-
lowed Kroupa (2001) mass functions initially. However, observed
present-day mass functions of globular clusters show that many
globular clusters have mass functions with significantly fewer low-
mass stars than predicted by a Kroupa mass function (e.g. De Marchi
et al. 2007; Paust et al. 2010; Webb & Leigh 2015; Sollima & Baum-
gardt 2017). This can be understood as a result of ongoing cluster
dissolution which preferentially removes low-mass stars from the
clusters (Vesperini & Heggie 1997; Baumgardt & Makino 2003).
Since the clusters in the simulations of Baumgardt (2017) were
isolated, they did not lose stars during their evolution and their
mass functions did not become depleted in low-mass stars. These
models can therefore not be used to fit the mass functions of most
Galactic globular clusters. In this paper we therefore ran a large
set of additional simulations with initial mass functions (IMFs) de-
pleted in low-mass stars to be able to match the observed mass
functions of globular clusters and derive more accurate estimates
of the cluster parameters like the structural parameters and total
masses. The initial mass functions were set up as a combination
of five connected power laws N(m) ∼ mα between mass limits
of 0.1 and 15 M and with mass function breaks at 0.2 M,
0.5 M, 0.8 M, and 1.0 M. Table 1 gives an overview of the
mass limits of the different power-law segments and the individual
mass function slopes. The slopes were derived by fitting power-laws
MFs to the stellar mass functions of the N-body simulations from
Baumgardt & Sollima (2017), as well as the Monte Carlo simu-
lations of Askar et al. (2017) using the maximum-likelihood ap-
proach described in Clauset, Shalizi & Newman (2009) and Khalaj
& Baumgardt (2013) to calculate the best-fitting power-law expo-
nents α for the different segments. Baumgardt & Sollima (2017)
simulated star clusters in a circular orbit around a central galaxy
that was modelled as an isothermal sphere with a circular velocity
of vc = 220 km s−1. Their simulations took the full tidal field of the
parent galaxy into account. The Monte Carlo simulations of Askar
et al. (2017) assumed a point-mass galaxy with the same circular
velocity. If fitted by a single power law in the range 0.2 <m < 0.8
M, the simulated models have global mass functions slopes of
α = −1.5 (corresponding to a Kroupa IMF, model 1), α = −1.0
(model 2), α = −0.5 (model 3), α = 0.0 (model 4),and α = +0.5
(model 5). Since our clusters are isolated, they undergo only very
little mass loss during their evolution. Hence the initial mass func-
tions are more or less equal to the final ones except at the high
mass end where stellar evolution turns massive stars into compact
remnants.
We linearly interpolated between the simulations, varying ini-
tial cluster concentration, initial half-mass radius, and cluster mass
function to find the cluster model that simultaneously provides the
best fit to the surface density profile, velocity dispersion profile,
and the mass functions at different radii of each individual globular
cluster. In order to compare with the observed mass functions, we
determined the sky location and exact boundaries of the HST fields
used to derive the stellar mass functions from the MAST archive,3
projected the model clusters on to the sky and selected stars in the
same area as the observed data.
For clusters which did not have measured mass functions, we
estimated the global mass function based on the clusters’ relaxation
time (see discussion in Section 4.2). We then performed only a 2D
fit in our grid for these clusters, varying only the initial radius and
cluster concentration but keeping the mass function fixed. Since the
relaxation time is determined from the fit itself, we did the fitting
iteratively for clusters without a direct mass function measurement
until a stable solution was obtained.
We applied the above procedure to all clusters except NGC 2419,
where the radial velocity dispersion profile could not be fitted with
isotropic N-body models since it drops too quickly with radius in the
outer parts. This is most likely due to a radially anisotropic velocity
dispersion profile (Ibata et al. 2011), that could have been created
during cluster formation and was not erased by dynamical evolution
due to the long relaxation time of NGC 2419. We therefore fitted
NGC 2419 using radially anisotropic King (1962) profiles. The
profiles were created by the distribution function fitting method
described in Hilker et al. (2007), using radially anisotropic Osipkov–
Merritt models (Osipkov 1979; Merritt 1985). As Fig. E2 shows, the
best-fitting cluster model found this way reproduces the observed
velocity dispersion and surface density profile of NGC 2419 very
well. Our solution for ω Cen is based on the best-fitting no IMBH
model from Baumgardt et al. (2018, in preparation), who, in addition
to the N-body simulations presented in this paper, have run an
additional grid of simulations which vary the assumed retention
fraction of stellar-mass black holes. Since they lack radial velocity
information, masses, and structural parameters for NGC 6101 and
NGC 6254 were determined by fitting the absolute number of main
sequence stars at different radii which Sollima & Baumgardt (2017)
derived from the ACS Treasure project data.
3https://archive.stsci.edu/
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Table 1. Power-law mass function slopes N(m) ∼ mα and mass limits used to set up the N-body models.
Model mLow mUp α mLow mUp α mLow mUp α mLow mUp α mLow mUp α
(M) (M) (M) (M) (M) (M) (M) (M) (M) (M)
1 0.10 0.20 −1.35 0.20 0.50 −1.35 0.50 0.80 −2.35 0.80 1.0 −2.35 1.00 15.0 −2.35
2 0.10 0.20 −1.05 0.20 0.50 −0.80 0.50 0.80 −1.70 0.80 1.0 −2.20 1.00 15.0 −2.20
3 0.10 0.20 −0.85 0.20 0.50 −0.30 0.50 0.80 −1.05 0.80 1.0 −2.20 1.00 15.0 −2.00
4 0.10 0.20 −0.60 0.20 0.50 0.15 0.50 0.80 −0.40 0.80 1.0 −1.80 1.00 15.0 −1.80
5 0.10 0.20 −0.40 0.20 0.50 0.55 0.50 0.80 0.30 0.80 1.0 −3.00 1.00 15.0 −1.60
4 R ESULTS
4.1 47 Tuc and M15
We start the discussion of our results by presenting the solution for
the best-fitting models of 47 Tuc and M15, two of the best observed
clusters in our sample, in greater detail. Fig. 2 depicts the surface
density profile (panel a), velocity dispersion profile (panel b), mass
distribution of main-sequence stars at different radii (panel c), and
the slope of the best-fitting power law to the stellar mass function as
a function of radius (panel d) of 47 Tuc and our best-fitting N-body
model. In all panels, the N-body model is shown by red lines or cir-
cles while circles in other colours show the observed cluster data.
In panel (b), blue circles show the observed radial velocity disper-
sion profile while orange circles show the proper motion dispersion
profile from Watkins et al. (2015a). The number of stars as a func-
tion of stellar mass at different radii depicted in panel (c) is taken
from Sollima & Baumgardt (2017) for radii inside r= 2.4 arcmin,
and de Marchi & Paresce (1995b) and Richer () for larger radii. It
can be seen that the best-fitting N-body model reproduces the ob-
served parameters of 47 Tuc very well. The surface density profile of
the best-fitting N-body model is within 10 per cent of the observed
surface density profile for all radii except near the tidal radius. Sim-
ilarly the velocity dispersion profiles of the N-body model and 47
Tuc agree to within 0.5 km s−1 at all radii between 1 <r< 1000. The
reduced χ2r value given as the sum of the error weighted velocity
differences normalized by the number of data points is almost ex-
actly 1, indicating excellent agreement (see Table 2). The absolute
number of stars as a function of mass at different radii in panel (c) is
also in very good agreement between N-body model and observed
cluster. Since the velocity dispersion profile essentially determines
the total cluster mass, a good agreement in the absolute number of
main sequence stars means that the N-body model must also have
the same amount of mass in compact remnants as the real 47 Tuc,
i.e. our chosen mass function must be a good description of the
mass function of 47 Tuc. The best-fitting N-body model also has
about the same amount of mass segregation as 47 Tuc, since at all
radii the observed mass function slope is within α = 0.3 of the
mass function slope of the best-fitting N-body model.
Fig. 3 shows a comparison of the surface and velocity dispersion
profile of M15 with the prediction of our best-fitting N-body model.
Shown are the surface density profile (top left), the radial velocity
dispersion profile (top right-hand panel), and the proper motion dis-
persion profiles of giant stars, blue stragglers, upper main sequence
stars, and lower main sequence stars. The proper motion disper-
sion profiles were calculated using the data published by Bellini
et al. (2014), restricting ourselves to stars outside the central 10
arcsec with proper motion errors less than 3 km s−1 and absolute
velocities within 35 km s−1 of the cluster mean. We define upper
main sequence stars as stars with magnitudes 19 < F814W < 20
and F814W − F660W > 0.4 and lower main sequence stars as stars
with 20 < F814W and F814W − F660W > 0.4 in the catalogue of
Bellini et al. (2014). These limits translate roughly into mass limits
of 0.75 > m > 0.70 M and m < 0.70 M for upper and lower
main sequence stars, respectively. For the comparison with the blue
stragglers, which are not present in our N-body models, we use
massive white dwarfs with masses 1.0 < m < 1.4 M.
The observations of Sollima & Baumgardt (2017) show that M15
is strongly mass segregated since the stellar mass function changes
from α = 0.2 in the centre to α = −1.2 outside the clusters’ half-
mass radius. Furthermore, the surface density of M15 is strongly
increasing towards the centre down to the smallest radius for which
it can be measured, indicating that M15 is in or past core collapse.
The mass segregation of M15 is also evident in the dependency
of the velocity dispersion profile with stellar mass, the observed
velocity dispersion at a projected radius of r= 30 arcsec for example
changes from σ ≈ 10 km s−1 for blue stragglers to σ = 12 km s−1 for
lower main sequence stars. Although small, this change is clearly
resolved in the observations. Our best-fitting N-body model is again
in excellent agreement with the observed data on M15 since it fits
the surface density profile of the cluster and the proper motion
dispersion profile of each stellar mass group. In addition, the N-body
model reproduces the line-of-sight velocity dispersion profile, since
the reduced χ2 values of the fits to the various velocity dispersion
profiles all are very close to unity.
4.2 Cluster masses and structural parameters
Table 2 presents the masses and structural parameters of all Galactic
globular clusters for which we could derive radial velocity disper-
sion profiles. For each cluster we determined the number of member
stars, the mean radial velocity and its error, the total cluster mass
and M/L ratio, the core radius, 3D half-mass radius and projected
half-light radius, the average density within the core and half-mass
radius, the half-mass relaxation time, the global mass function slope
between mass limits of 0.2–0.8M, the one-dimensional, mass-
weighted, central velocity dispersion, and the central escape ve-
locity. The mass function slopes were either calculated from the
N-body model that best reproduces the observed mass functions
(for cluster that have measured mass functions) or using the rela-
tion between relaxation time and mass function slope that will be
discussed in Section 4.3. We count as radial velocity members all
stars with membership probability Pi> 0.01 in each cluster. For
some bulge clusters with strong field star contamination like Ter 5,
these numbers might overestimate the number of true member stars.
The mean radial velocities were calculated as the weighted mean
of the individual radial velocities of all cluster members, except for
NGC 6101, NGC 6293, and NGC 6584 where we took the mean
radial velocity from Kamann et al. (2018) (NGC 6293) or Harris
(1996) (NGC 6101 and NGC 6584). Fig. 4 compares the mean ra-
dial velocities which we have determined with the radial velocities
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(a) (b)
(c) (d)
Figure 2. Fit of the surface density profile (panel a), velocity dispersion profile (panel b), number of main-sequence stars as a function of stellar mass at eight
different radii in the cluster (panel c) and mass function slope as a function of radius (panel d) of 47 Tuc. In each panel the best-fitting N-body model is shown
by red lines or dots while the observed data are shown in other colours. In panel (b), the velocity dispersion profile based on proper motions is shown by orange
circles while blue circles show the radial velocity dispersion profile. The best-fitting N-body model is within 10 per cent of the observed surface density profile,
within 0.5 km s−1 of the observed velocity dispersion profile and within α = 0.3 in mass function slope over the whole range of radii. In addition, there is
very good agreement in the absolute number of main sequence stars at different radii between N-body model and the observed 47 Tuc.
determined by Kimmig et al. (2015), Lardo et al. (2015), and Ferraro
et al. (2018) from resolved spectroscopy of individual member stars
(left-hand panel) and the radial velocities given by Harris (1996)
(right-hand panel). It can be seen that the mean radial velocities de-
rived here generally agree to within 1 km s−1 with the mean radial
velocities determined from individual stars. The remaining differ-
ences are probably due to uncertainties in the absolute wavelength
calibration of the individual spectra, which are difficult to quantify
but, judging from Fig. 4, could be around 1 km s−1. For most clus-
ters our radial velocities are also in good agreement with the values
given by Harris (1996). Clusters where the radial velocities differ
more strongly are usually not very well studied clusters where the
mean radial velocities have relative large error bars in the Harris
catalogue.
Clusters that have a zero χ2r value in column 4 of Table 5 are
clusters with few member stars for which we grouped the stars in
only one or two velocity bins, which are then reproduced almost
exactly by the best-fitting N-body model. Column 5 of Table 5 lists
the cluster distances. For clusters for which Watkins et al. (2015a)
have determined proper motion dispersion profiles, we vary the
cluster distance until we obtain the best fit to the combined proper
motion and radial velocity dispersion profile. For all other clusters
the cluster distance is taken from the literature. Interestingly our
best-fitting distance for 47 Tuc (d = 4.41 kpc) is now in much better
agreement with other distance methods that generally find a cluster
distance around d = 4.5 kpc (e.g. Gratton et al. 2003; Bono et al.
2008; Dotter et al. 2010; Woodley et al. 2012) than the kinematic
distances derived by Baumgardt (2017) (d = 3.95 ± 0.05 kpc) or
Watkins et al. (2015b) (d = 4.15 ± 0.08 kpc). The reason is that
the HST proper motion dispersion profile of Watkins et al. (2015a)
measures velocities only in the central 100 arcsec while radial ve-
locities are available mainly for stars further away from the centre.
This, together with the fact that the new best-fitting model for 47
Tuc has fewer low-mass stars than the Kroupa mass function used
by Baumgardt (2017), which lowers the velocity dispersion in the
outer parts compared to the centre, pushes the best-fitting cluster
distance to a larger value and brings it into much better agreement
with the other methods. This again shows the importance of cor-
rectly modelling mass segregation when fitting models to observed
clusters.
We calculated the core radius and average density inside the core
by applying equation 149 in Spitzer (1987) iteratively to the N-body
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Figure 3. Fit of the surface density profile (panel a), radial velocity dispersion profile (b), and the proper motion dispersion profiles of giant stars (c), blue
stragglers (d), upper main sequence stars (e), and lower main sequence stars (f) of M 15. Observed data are shown as solid points with error bars while the
prediction of the best-fitting N-body model is shown as solid lines in each panel. The proper motion dispersion profiles were calculated from the HST data
published by Bellini et al. (2014). The reduced χ2r values from the comparison of the theoretical and observed profiles are given in the upper right corner of
each panel. All χ2r values are close to unity, indicating excellent agreement between the modelled cluster and the observations.
data until a stable solution was found, using a correction factor of
0.517 in the conversion of core density to central density as de-
scribed in Baumgardt et al. (2003). From all stars inside the core
radius we then calculated the three-dimensional central velocity dis-
persion, weighting the individual stellar velocities with the masses
of the stars. From the fastest single stars inside the core we also
calculated the escape velocities of the clusters given in the final col-
umn of Table 2. Figs E1–E15 depict our fits to the observed surface
density and velocity dispersion profiles for clusters with more than
100 member stars. It can be seen that we generally obtain very good
fits to both profiles. The differences in the surface density profiles
over most parts of the clusters are usually within 15 per cent. Only
in the very centre or near the tidal radius one can sometimes see
larger differences. Observational uncertainties might be a reason
for the differences since the observed surface density profiles could
be affected by low-N noise in the core and uncertainties about the
density of background stars near the tidal radius. The velocity dis-
persion profiles usually also agree to within 1 km s−1. Remaining
differences could be due to a variety of reasons like stellar binaries,
orbital anisotropy, and tidal effects. Stellar binaries in particular
could inflate the velocity dispersion profiles of low-mass clusters if
present in sufficient numbers (e.g. Blecha et al. 2004; Gieles, Sana
& Portegies Zwart 2010). In addition, tidal effects (e.g. Ku¨pper
et al. 2010) or non-members could be responsible for the higher
than predicted velocity dispersion profiles seen in the outer parts
of some clusters like NGC 1851. Using proper motions from the
GAIA satellite will help removing non-members from our data and
assess whether the deviations seen are real or due to interlopers.
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(a) (b)
Figure 4. Comparison of the mean cluster velocities derived here with the radial velocities determined by Kimmig et al. (2015), Lardo et al. (2015), and
Ferraro et al. (2018) (left-hand panel) and the mean cluster velocities given in the Harris catalogue (right-hand panel). Our data generally agree to within
1 km s−1 with recent literature values. Clusters which show larger differences in the Harris catalogue are mostly clusters where the radial velocities in the
Harris catalogue are based on low-resolution spectroscopy and have relatively large error bars.
4.3 Correlations between cluster parameters
We next discuss several univariate correlations that we found among
the cluster parameters. Fig. 5 depicts correlations between the clus-
ter mass functions α, galactocentric distances RGC, half-mass relax-
ation times TRH, half-mass radii rh, m, cluster metallicities [Fe/H],
cluster masses MGC, and the mass-to-light ratios M/L for all clusters
with less than 30 per cent relative mass error. Mass functions are
only available for 47 clusters, i.e. about one third of all galactic
globular clusters, which could introduce some bias into the cluster
distribution since the selection of clusters that have measured mass
functions is not random but weighted towards nearby and mas-
sive clusters. For all other cluster parameters our sample includes
more than 2/3 of all known galactic globular clusters, making a bias
much less likely, especially for more massive globular clusters with
MV < −8.0 where our sample is almost 100 per cent complete. Each
panel also shows the Spearman rank order coefficient ρ and its 1σ
error. Our data shows a clear correlation between the galactocen-
tric distance of a globular cluster and its half-mass radius. Part of
this correlation could be due to the stronger tidal field in the inner
parts of the Milky Way, which limits the size of globular clusters
to smaller values. van den Bergh, Morbey & Pazder (1991) found
a similar relation between galactocentric distance and the projected
half-light radius. We confirm their results for the half-mass radius.
Sollima & Baumgardt (2017) found a correlation between the
mass function slope of 35 globular clusters from the Globular Clus-
ter ACS Treasury Project and their half-mass relaxation times in the
sense that clusters with more positive mass function slopes (fewer
low-mass stars) have smaller relaxation times. We confirm this cor-
relation with our larger cluster sample. The reason for the existence
of this correlation could be that clusters in stronger tidal fields expe-
rience more mass loss while at the same time the stronger tidal field
limits them to a smaller volume and therefore radius. In addition
clusters with shorter relaxation times develop mass segregation in a
shorter amount of time, leading to a stronger depletion of low-mass
stars by the tidal field of the Milky Way. Dynamical evolution could
also explain the correlation of mass function slope with galactocen-
tric distance, although this correlation is weaker then the correlation
with the relaxation time. The mass function also correlates with both
the half-mass radius and, less strongly, with the mass of a globular
cluster.
Most correlations between the cluster metallicity and other clus-
ter parameters can be explained by the fact that high metallicity
clusters are related to the Galactic disc and bulge and are there-
fore on average closer to the Galactic Centre than halo clusters
(Zinn 1985). They therefore experience a stronger tidal field which
makes them more compact and also reduces their relaxation times.
The strong correlation between metallicity and mass function slope
could therefore be a result of dynamical evolution and might not
reflect an initial variation, although we cannot rule out such a vari-
ation either. The M/L ratios do not show a significant correlation
with any of the other cluster parameters. In particular we do not
find a correlation between M/L ratio and either metallicity or mass
function slope. Such correlations should in principle exist since for
example the loss of low-mass stars decreases the M/L ratio of a
globular cluster (Baumgardt & Makino 2003; Kruijssen & Mieske
2009). In addition, the loss of stellar remnants can decrease the M/L
ratio of a globular cluster (Bianchini et al. 2017). The reason for
the absence of a correlation could be that the resulting change in
M/L ratio is too small to cause a noticeable difference or is compen-
sated for by the correlation between mass function slope and cluster
metallicity.
The dashed line in the α versus TRH plot shows the best-fitting
linear relation to the observed globular cluster distribution which
is given by α = 8.23 ± 1.10 − (0.95 ± 0.11) log TRH. We use this
relation to infer the mass function of globular clusters for which no
direct measurement is available (see discussion in Section 3).
Fig. 6 finally depicts the fraction of first-generation (FG) stars in
globular clusters found by Milone et al. (2017) through high pre-
cision HST photometry of red giant branch stars as a function of
the central escape velocity of a cluster (left-hand panel), the cluster
mass (middle panel), and the global mass function slope between
0.2 and 0.8 M (right-hand panel). It can be seen that the frac-
tion of FG stars anticorrelates strongly with either the cluster mass
(confirming the results found by Milone et al. 2017) or the central
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Figure 5. Univariate correlations between the cluster mass functions α, galactocentric distances RGC, half-mass relaxation times TRH, half-mass radii rh, m,
cluster masses MGC and mass-to-light ratios M/L for all studied clusters. In each panel we also show the Spearman rank order coefficient ρ and its 1σ error.
The dashed line in the α versus TRH plane shows the best-fitting linear relation to the cluster distribution.
escape velocity. In particular clusters with small central escape ve-
locities consist predominantly of FG stars while the fraction of these
stars drops to about 20 per cent for clusters with escape velocities
vesc > 40 km s−1. However, as the right-hand panel of Fig. 6 shows,
the fraction of FG stars shows no correlation with the global mass
function slope of a globular cluster. If clusters formed with a low
fraction of second generation (SG) stars which later increases due
to the loss of less centrally concentrated FG stars (e.g. D’Antona &
Caloi 2008), one would however expect that such a relation should
be established since two-body relaxation will push low-mass stars
to the outer cluster parts where they are preferentially lost. Hence
clusters that have lost a large fraction of first generation (FG) stars
should also have lost a higher fraction of their low-mass stars and
should therefore have more evolved mass functions. As Fig. 6 shows
such a correlation is not observed, calling into question the strong
mass-loss scenario. If mass loss of FG stars has increased the frac-
tion of SG stars, then this mass loss must have happened very early
in the cluster evolution before dynamical mass loss has set in, pos-
sible through e.g. gas expulsion (Decressin et al. 2010; Khalaj &
Baumgardt 2015) or giant molecular cloud encounters (Kruijssen
et al. 2012). Still such a scenario would not be able to explain
the strong dependency of the fraction of FG stars on the central
escape velocity, which could instead indicate that the formation ef-
ficiency of SG stars depends on the ability of a cluster to retain the
MNRAS 478, 1520–1557 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/478/2/1520/4990650
by University of Queensland user
on 02 August 2018
1532 H. Baumgardt and M. Hilker
Figure 6. Correlation of the fraction of FG stars as determined by Milone et al. (2017) with the escape velocity (left-hand panel), the cluster mass (middle),
and the mass function slope (right-hand panel). The fraction of FG stars in a globular cluster shows the strongest dependency on the escape velocity from the
centre of a globular cluster and shows no dependency on the mass function slope. This could indicate that the ability of a globular cluster to retain stellar ejecta
is the most important parameter determining the fraction of SG stars and not its later mass loss.
stellar wind ejecta from polluting stars: For low-escape velocities
of vesc = 10 km s−1 or less nearly all ejecta leave the cluster and
only few SG stars are formed, while at escape velocities larger than
vesc = 40 km s−1 all ejecta are kept, meaning that the fraction of SG
stars becomes constant. Georgiev et al. (2009) also suggested that
the central escape velocity can be used to describe the degree of self
enrichment in a globular cluster based on the correlation of escape
velocity with metallicity for globular clusters containing extended
horizontal branches .
5 C O N C L U S I O N S
We have determined individual stellar radial velocities of more than
15000 stars in 90 globular clusters from archival ESO/VLT and Keck
spectra. Combining these data with published literature velocities,
we then calculated radial velocity dispersion profiles of globular
clusters using a maximum-likelihood approach. A comparison of
these velocity dispersion profiles together with the surface density
profiles of the globular clusters and the stellar mass functions re-
cently determined by Sollima & Baumgardt (2017) with a large
set of N-body models then allowed us to determine total cluster
masses, global mass function slopes, and the structural parameters
of 112 Galactic globular clusters. Our new cluster sample is more
than twice as large as the sample studied by Baumgardt (2017) and
includes over two-thirds of all globular clusters in the Milky Way. It
is essentially complete for all globular clusters more massive than
2 × 105 M. In addition, we are now able to fit the stellar mass
functions at different radii in a large sample of globular clusters.
Including the stellar mass functions in the fit significantly increases
the accuracy of the derived cluster parameters since it allows us
to better model the internal mass distribution of a globular cluster.
N-body simulations are therefore another way to model globular
clusters in addition to fitting them using multimass King Michie
models (e.g. Sollima et al. 2012), LIMEPY models (Gieles et al.
2018), or Monte Carlo simulations (e.g. Giersz & Heggie 2009,
2011).
Our data show several interesting correlations among the globu-
lar cluster parameters. We confirm an increase of the cluster sizes
with galactocentric distance first found by van den Bergh et al.
(1991) as well as the correlation between mass function slope and
cluster relaxation time found by Sollima & Baumgardt (2017). The
latter is possibly a result of mass segregation and dynamical mass
loss of globular clusters that are evolving in tidal fields of different
strengths. We also find a strong correlation between the central es-
cape velocity from a globular cluster and the fraction of SG stars
found by Milone et al. (2017) but no correlation between this frac-
tion and the mass function slope of the clusters. These could indicate
that the fraction of SG stars is determined by conditions prevalent
at the formation of globular clusters and not by their later dynami-
cal evolution. For any self enrichment scenario to work, one would
however need rather strongly depleted initial mass functions, since
canonical Kroupa or Chabrier mass functions produce an SG star
fraction significantly lower than observed.
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Table A1. ESO/VLT and Keck program IDs used to derive radial velocities
of stars in globular clusters.
Cluster Program IDs
Arp 2 075.D-0075(A), 075.D-0075(B)
E 3 097.D-0056(A), 098.D-0358(A)
HP 1 093.D-0124(A)
IC 4499 097.D-0111(A)
Lil 1 085.D-0377(A), 087.D-0716(A), 089.D-0306(A)
NGC 104 71.B-0414(A), 072.D-0777(A), 073.D-0760(A),
074.B-0415(A), 075.D-0043(A), 081.D-0287(A),
087.D-0716(A), 088.B-0403(A), 088.D-0026(A),
091.D-0329(A), 093.D-0818(A), 188.B-3002(Q),
188.B-3002(R), 188.B-3002(S), 188.B-3002(V),
193.D-0232(D)
NGC 288 072.D-0337(A), 074.A-0508(A), 075.D-0043(A),
075.D-0209(A), 087.D-0276(A), 092.D-0205(A),
193.D-0232(D)
NGC 362 075.D-0209(A), 087.D-0276(A), 088.D-0026(B),
094.D-0363(A), 188.B-3002(W), 188.B-3002(X),
193.D-0232(D)
NGC 1261 096.D-0483(A), 188.B-3002(M), 193.B-0936(N),
193.B-0936(O), 193.D-0232(D), 197.B-1074(G)
NGC 1851 080.D-0106(A), 083.D-0208(A), 084.D-0470(A),
084.D-0693(A), 088.B-0403(A), 088.D-0519(A),
090.D-0487(A), 092.D-0171(C), 092.D-0477(A),
188.B-3002(B), 386.D-0086(A)
NGC 1904 080.B-0489(A), 080.B-0784(A), 085.D-0205(A),
094.D-0363(A), 193.B-0936(A), 193.B-0936(E),
193.D-0232(D), C251D
NGC 2298 70.B-0398(B), 71.B-0516(B), 074.B-0417(B),
076.B-0662(B), U48D
NGC 2419 096.D-0297(A), C023Hr, C098Hr, C180Hr,
C182Hr, C21H, C231Hb, C237Hr, C239Hr, C251D,
C363Hr, U033Hr
NGC 2808 072.D-0742(A), 088.D-0026(C), 088.D-0519(B),
091.D-0329(A), 092.D-0171(C), 093.D-0818(A),
094.D-0024(A), 094.D-0363(A), 094.D-0455(A),
188.B-3002(G), 188.B-3002(M), 386.D-0086(A)
NGC 3201 073.D-0211(A), 087.D-0276(A), 088.B-0403(A),
094.D-0024(A), 095.D-0735(A), 171.B-0520(D),
193.D-0232(D)
NGC 4147 C204Hr
NGC 4372 71.D-0219(A), 088.B-0492(A), 088.D-0026(D),
091.D-0019(A), 188.B-3002(C)
NGC 4590 71.D-0311(A), 073.D-0211(A), 095.D-0735(A),
171.B-0520(D), 197.B-1074(D), 197.B-1074(E),
C102D, K185D, U15H
NGC 4833 095.D-0539(A)
NGC 5024 085.D-0536(A), C189Hr, C237Hr, C242Hr
NGC 5139 074.D-0369(A), 078.B-0496(A), 078.D-0825(A),
079.D-0021(A), 095.D-0539(A), 096.D-0728(A),
272.D-5065(A)
NGC 5272 093.D-0536(A), 193.D-0232(D), C05H, C10H,
C11H, C222Hb, C52H
NGC 5824 087.D-0465(A), 095.D-0290(A)
NGC 5897 093.D-0628(A), C174D
NGC 5904 073.D-0695(A), 084.D-0479(A), 087.D-0230(A),
087.D-0276(A), 088.B-0403(A), 193.D-0232(D),
C10H, C19H, H2aH, U02H, U09H, U100Hb, U27H,
U34H, U74H
NGC 5927 69.D-0455(A), 074.B-0446(B), 193.D-0232(D),
197.B-1074(F)
NGC 5986 083.D-0530(A), 193.D-0232(F)
NGC 6093 65.L-0518(A), 073.D-0695(A), 079.D-0021(A),
083.D-0530(A)
Table A1 – continued
Cluster Program IDs
NGC 6121 073.D-0093(A), 081.D-0356(A), 083.B-0083(A),
085.D-0205(A), 085.D-0537(A), 089.D-0062(A),
089.D-0298(A), 093.D-0789(A), 093.D-0818(A),
095.D-0819(A), 193.D-0232(B)
NGC 6171 71.D-0311(A), 075.D-0043(A), 095.D-0834(A),
193.D-0232(F)
NGC 6205 C05H, C21H, C55H, C75H, C88H, H03H, H14H,
H4aH, U01H, U058Hr, U11H, U204Hr, U21H,
U27H, U47H
NGC 6218 073.D-0211(A), 087.D-0276(A), 095.D-0290(A),
193.B-0936(I), 193.B-0936(K), 193.D-0232(B)
NGC 6229 C034Hr
NGC 6254 073.D-0211(A), 193.D-0232(B)
NGC 6266 193.D-0232(B)
NGC 6284 193.D-0232(B)
NGC 6304 193.D-0232(F)
NGC 6316 193.D-0232(F)
NGC 6341 C02H, C07H, C11H, C147H, C189Hr, C21H,
C231Hb, C287Hr, C66H, H03H, Y267Hr
NGC 6342 U57
NGC 6352 074.B-0446(B)
NGC 6355 083.D-0063(A)
NGC 6362 093.D-0618(A), 097.D-0325(A)
NGC 6366 69.B-0467(A), 383.D-0261(A)
NGC 6388 087.D-0230(A), 087.D-0344(A), 095.D-0834(A),
099.D-0263(A)
NGC 6397 71.C-0162(A), 71.D-0076(A), 072.B-0198(A),
073.D-0058(A), 073.D-0093(A), 075.D-0125(A),
081.D-0356(A)
NGC 6402 193.D-0232(B)
NGC 6440 091.D-0115(A), 093.D-0286(A), 193.D-0232(B),
U051NS, U10NS
NGC 6441 073.D-0211(A), 073.D-0760(A), 083.D-0208(A),
095.D-0834(A), 193.D-0232(B)
NGC 6496 193.D-0232(F)
NGC 6522 71.B-0641(A), 71.D-0576(A), 083.B-0324(A),
088.D-0398(A), 091.D-0383(A), 097.D-0175(A),
188.B-3002(F), 188.B-3002(G), 193.D-0232(F)
NGC 6528 67.B-0382(A), 71.B-0617(A), 083.B-0324(A),
093.D-0286(A), 187.B-0909(A)
NGC 6535 087.B-0086(A), 093.B-0583(A)
NGC 6539 193.D-0232(F), U17NS
NGC 6541 093.D-0628(A)
NGC 6553 073.B-0074(A), 093.D-0286(A), 193.B-0936(E),
193.D-0232(F), C47H, U57H
NGC 6558 71.B-0617(A), 083.B-0324(A), 093.D-0123(A),
188.B-3002(I)
NGC 6569 093.D-0286(A), 193.D-0232(F), U154NS
NGC 6624 083.D-0798(D), U154NS, U17NS, U56NS
NGC 6626 091.D-0535(A), 193.B-0936(C), 193.B-0936(E),
193.D-0232(B)
NGC 6642 081.D-0297(A)
NGC 6656 71.D-0217(A), 083.D-0530(A), 085.D-0698(A),
087.D-0230(A), 095.D-0027(A), 095.D-0735(A),
097.A-9009(A)
NGC 6681 71.B-0516(A)
NGC 6712 095.D-0290(A), 193.D-0232(F)
NGC 6715 71.B-0146(A), 71.B-0641(A), 075.D-0075(A),
075.D-0075(B), 081.D-0286(A), 083.B-0403(A),
095.D-0539(A)
NGC 6723 095.B-0028(A), 193.D-0232(F)
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Table A1 – continued
Cluster Program IDs
NGC 6752 073.D-0100(A), 075.D-0492(A), 079.D-0674(A),
079.D-0674(B), 079.D-0674(C), 081.D-0356(A),
083.B-0083(A), 089.D-0298(A), 091.D-0329(A),
095.D-0320(A), 193.D-0232(B)
NGC 6809 073.D-0211(A), 091.D-0329(A), 093.D-0270(A),
093.D-0818(A), 095.D-0735(A)
NGC 6838 072.A-0494(A), 073.D-0211(A), 095.D-0735(A),
189.B-0925(A), 189.B-0925(C), C01H, C03H,
C04H, C10ANS, C118NS, C19H, C216Hr, C52H,
C53H, H30aH, H5aH, U017Hr, U062NS, U154NS
NGC 6864 69.B-0305(A), C215D
NGC 7006 C034Hr, C204M, U11H, U21H
NGC 7078 073.D-0695(A), 080.B-0489(A), 080.B-0784(A),
095.D-0539(A), C05H, C11H, C147Hr, C14H,
C21H, C316Hr, C36H, C53H, C75H, N13H, U09H,
U27H, U59H
NGC 7089 084.D-0933(A), 193.B-0936(C), 193.B-0936(F),
C171D, C174D
NGC 7099 073.D-0695(A), 085.D-0375(A), 088.B-0403(A),
092.D-0477(A), C363Hr, U11H
NGC 7492 C03H, C21H, C88H
Pal 2 U039D
Pal 5 083.B-0403(A), C50H, U25H
Pal 11 U154NS
Pal 12 097.D-0111(B), C11H, C21H, U09H, U47H
Pyxis 089.D-0722(A), 098.D-0358(A)
Rup 106 098.D-0227(A)
Ter 1 089.D-0392(A)
Ter 3 60.A-9700(A), 60.A-9700(G)
Ter 5 085.D-0377(A), 087.D-0716(A), 087.D-0716(B),
087.D-0748(A), 091.D-0115(A), 283.D-5027(A),
C184D, U060D, U062NS, U074D, U092NS, U097NS,
U112NS, U146NS, U57NS
Ter 6 091.D-0115(A)
Ter 7 67.B-0147(A), 075.D-0075(A), 097.D-0111(B)
Ter 8 075.D-0075(A), 087.B-0086(A)
Ton 2 091.D-0389(A)
A P P E N D I X B: SO U R C E S O F SU R FAC E
D ENSITY P ROF ILES, STELLAR RADIAL
V EL OCITIES , A ND MASS FUNCTIONS OF
I N D I V I D UA L C L U S T E R S
Table B1. Sources of published individual stellar radial velocities (LOS),
surface density profiles (SD), and stellar mass functions (MF) used in this
work in addition to the data published by Baumgardt (2017) and Sollima &
Baumgardt (2017).
Name Source Type
E3 van den Bergh, Demers & Kunkel (1980) SD
ESO
452-SC11
Bonatto & Bica (2008) SD
Koch, Hansen & Kunder (2017) LOS
Simpson et al. (2017) SD, LOS
HP 1 Barbuy et al. (2016) LOS
IC 1276 Coˆte´ (1999) LOS
IC 4499 Hankey & Cole (2011) LOS
NGC 104 de Marchi & Paresce (1995b) MF
Richer () MF
Kunder et al. (2017) LOS
Kamann et al. (2018) LOS
NGC 288 Bellazzini et al. (2002) MF
Sollima et al. (2012) MF
NGC 362 Fischer et al. (1993) SD
McDonald & van Loon (2007) LOS
Paust et al. (2010) MF
Kamann et al. (2018) LOS
Richer () MF
NGC 1851 Marino et al. (2014) LOS
Kamann et al. (2018) LOS
NGC 2298 Geisler et al. (1995) LOS
de Marchi & Pulone (2007) MF
Da Costa (2016) LOS
NGC 2419 Cohen & Kirby (2012) LOS
NGC 2808 Kamann et al. (2018) LOS
NGC 3201 Kunder et al. (2017) LOS
NGC 4833 Roederer & Thompson (2015) LOS
NGC 5024 Boberg, Friel & Vesperini (2016) LOS
Abolfathi et al. (2017) LOS
NGC 5053 Abolfathi et al. (2017) LOS
NGC 5139 Kunder et al. (2017) LOS
Kamann et al. (2018) LOS
NGC 5272 Marconi et al. (1998) MF
Sneden et al. (2004) LOS
Abolfathi et al. (2017) LOS
NGC 5466 Abolfathi et al. (2017) LOS
NGC 5634 Carretta et al. (2017) LOS
Abolfathi et al. (2017) LOS
NGC 5824 Saviane et al. (2012) LOS
NGC 5897 Koch & McWilliam (2014) LOS
NGC 5904 Ramı´rez & Cohen (2003) LOS
Abolfathi et al. (2017) LOS
Kamann et al. (2018) LOS
NGC 5986 Johnson et al. (2017a) LOS
NGC 6101 Dalessandro et al. (2015) SD
NGC 6121 Rastorguev & Samus (1991) LOS
Richer et al. (2004) MF
NGC 6139 Saviane et al. (2012) LOS
NGC 6144 Geisler et al. (1995) LOS
Lane et al. (2011) LOS
NGC 6171 O’Connell et al. (2011) LOS
Abolfathi et al. (2017) LOS
NGC 6205 Johnson & Pilachowski (2012) LOS
Cordero et al. (2017) LOS
Abolfathi et al. (2017) LOS
NGC 6218 Rastorguev & Samus (1991) LOS
Johnson & Pilachowski (2006) LOS
Abolfathi et al. (2017) LOS
NGC 6229 Johnson et al. (2017b) LOS
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Table B1 – continued
Name Source Type
Abolfathi et al. (2017) LOS
NGC 6254 Rastorguev & Samus (1991) LOS
Piotto & Zoccali (1999) MF
Kamann et al. (2018) LOS
NGC 6256 Coˆte´ (1999) LOS
NGC 6266 Kamann et al. (2018) LOS
NGC 6273 Johnson et al. (2015) LOS
NGC 6293 Kamann et al. (2018) LOS
NGC 6316 Abolfathi et al. (2017) LOS
NGC 6341 Piotto, Cool & King (1997) MF
Roederer & Sneden (2011) LOS
Smolinski et al. (2011) LOS
Abolfathi et al. (2017) LOS
NGC 6342 Johnson et al. (2016) LOS
NGC 6352 Carrera et al. (2007) LOS
Feltzing, Primas & Johnson (2009) LOS
NGC 6356 Saviane et al. (2012) LOS
NGC 6366 Johnson et al. (2016) LOS
NGC 6388 McDonald & van Loon (2007) LOS
Kamann et al. (2018) LOS
NGC 6397 Cool, Piotto & King (1996) MF
MacLean et al. (2017) LOS
Richer (private communication ) MF
NGC 6440 Origlia, Valenti & Rich (2008) LOS
Mun˜oz et al. (2017) LOS
NGC 6441 Gratton et al. (2007) LOS
Origlia et al. (2008) LOS
Kamann et al. (2018) LOS
NGC 6522 Ness, Asplund & Casey (2014) LOS
Abolfathi et al. (2017) LOS
NGC 6528 Carretta et al. (2001) LOS
Zoccali et al. (2004) LOS
Schiavon et al. (2017) LOS
Liu et al. (2017) LOS
NGC 6535 Bragaglia et al. (2017) LOS
NGC 6544 Abolfathi et al. (2017) LOS
NGC 6553 Cohen et al. (1999) LOS
Alves-Brito et al. (2006) LOS
Johnson et al. (2014) LOS
Tang et al. (2017) LOS
Schiavon et al. (2017) LOS
Abolfathi et al. (2017) LOS
NGC 6569 Johnson et al. (2018) LOS
NGC 6624 Pryor et al. (1989) LOS
Baumgardt et al. (2018) LOS
NGC 6626 Pryor et al. (1989) LOS
Villanova et al. (2017) LOS
NGC 6656 Piotto & Zoccali (1999) MF
Albrow, De Marchi & Sahu (2002) MF
NGC 6681 Pryor et al. (1989) LOS
Kamann et al. (2018) LOS
NGC 6749 Canterna & Rosino (1981) SD
Kaisler, Harris & McLaughlin (1997) SD
Coˆte´ (1999) LOS
NGC 6752 Ferraro et al. (1997) MF
Kunder et al. (2017) LOS
NGC 6760 Abolfathi et al. (2017) LOS
NGC 6809 Pryor et al. (1991) LOS
Piotto & Zoccali (1999) MF
NGC 6838 Cadelano et al. (2017) SD
Abolfathi et al. (2017) LOS
NGC 6864 Kacharov, Koch & McWilliam (2013) LOS
Table B1 – continued
Name Source Type
Koch (2017) LOS
NGC 6934 Kimmig et al. (2015) LOS
Marino et al. (2018) LOS
NGC 7006 Saviane et al. (2012) LOS
NGC 7078 de Marchi & Paresce (1995a) MF
Abolfathi et al. (2017) LOS
Kamann et al. (2018) LOS
NGC 7089 Smolinski et al. (2011) LOS
Yong et al. (2014) LOS
Abolfathi et al. (2017) LOS
Kamann et al. (2018) LOS
NGC 7099 Piotto et al. (1997) MF
Lovisi et al. (2013) LOS
HP 1 Saviane et al. (2012) LOS
Pal 4 Frank et al. (2012) LOS,
SD,
MF
Pal 5 Odenkirchen et al. (2002) LOS
Kuzma et al. (2015) LOS
Majewski et al. (2015) LOS
Ibata et al. (2017) LOS
Koch & Coˆte´ (2017) LOS
Abolfathi et al. (2017) LOS
Pal 12 Salinas et al. (2012) SD
Pal 13 Coˆte´ et al. (2002) SD,LOS
Blecha et al. (2004) LOS
Bradford et al. (2011) LOS
Pal 14 Jordi et al. (2009) LOS
Frank, Grebel & Ku¨pper (2014) MF
Pyxis Irwin, Demers & Kunkel (1995) SD
Da Costa (1995) SD
Rup 106 Villanova et al. (2013) LOS
Ter 1 Valenti et al. (2015) LOS
Ter 3 Coˆte´ (1999) LOS
Saviane et al. (2012) LOS
Ter 5 Abolfathi et al. (2017) LOS
Ter 7 Saviane et al. (2012) LOS
APPENDI X C : V ELOCI TY DI SPERSI ON
P RO F I L E S O F G L O BU L A R C L U S T E R S
C A L C U L ATE D F RO M I N D I V I D UA L S T E L L A R
R A D I A L V E L O C I T I E S
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Table C1. Velocity dispersion profiles of globular clusters derived from
individual stellar radial velocities. For each bin, the table gives the name
of the cluster, the number of stars used to calculate the radial velocity
dispersion, the average distance of stars from the cluster centre, and the
velocity dispersion together with the 1σ upper and lower error bars.
Name NRV r σ σ u σ l
[arcsec] [km s−1] [km s−1] [km s−1]
Arp 2 25 48.40 2.03 0.40 0.32
24 129.77 1.38 0.37 0.30
E 3 18 124.71 1.56 0.47 0.39
ESO 452-SC11 13 39.47 1.40 0.44 0.31
HP 1 21 31.23 5.08 0.97 0.76
IC 1276 16 73.62 3.07 0.84 0.62
IC 4499 19 82.54 3.12 0.66 0.51
18 212.94 1.90 0.44 0.35
Lil 1 22 14.09 20.03 3.49 2.71
22 26.50 17.51 3.04 2.37
19 58.32 12.63 2.39 1.84
NGC 104 130 18.02 11.50 0.78 0.70
130 43.85 11.24 0.76 0.68
130 72.49 11.05 0.73 0.66
130 101.96 11.62 0.77 0.69
130 132.70 10.12 0.67 0.60
130 1322.70 4.37 0.30 0.27
130 166.74 9.45 0.63 0.57
33 1782.53 4.62 0.67 0.55
130 200.68 8.28 0.55 0.50
130 232.99 9.38 0.62 0.56
130 274.19 8.26 0.55 0.50
130 302.46 8.13 0.54 0.49
130 332.44 7.91 0.53 0.48
130 361.68 7.98 0.53 0.48
130 393.64 7.83 0.52 0.47
130 428.55 8.04 0.53 0.48
130 466.97 7.06 0.47 0.43
130 510.22 6.67 0.44 0.41
130 555.78 6.72 0.46 0.41
130 617.04 6.17 0.42 0.38
130 704.08 5.72 0.39 0.35
130 825.08 5.83 0.40 0.36
130 998.11 4.83 0.33 0.30
NGC 288 80 46.61 3.02 0.27 0.24
80 87.76 3.27 0.29 0.25
80 121.04 2.65 0.24 0.21
80 163.43 2.63 0.25 0.21
80 209.64 2.59 0.23 0.21
80 276.01 2.49 0.25 0.22
41 411.42 1.62 0.25 0.21
NGC 362 70 28.62 7.37 0.68 0.59
70 61.51 6.30 0.58 0.51
70 92.03 6.32 0.58 0.51
70 128.64 6.09 0.56 0.49
70 179.20 4.07 0.39 0.33
70 267.52 4.26 0.41 0.35
36 402.56 2.98 0.40 0.33
NGC 1261 42 34.73 3.98 0.50 0.41
42 64.91 3.95 0.50 0.41
42 94.29 3.43 0.42 0.36
42 143.57 3.64 0.46 0.38
37 251.80 2.42 0.32 0.27
NGC 1851 65 53.74 6.13 0.59 0.51
65 88.84 5.66 0.54 0.47
65 117.83 5.13 0.49 0.43
65 154.15 5.00 0.48 0.42
Table C1 – continued
Name NRV r σ σ u σ l
[arcsec] [km s−1] [km s−1] [km s−1]
65 193.22 4.94 0.48 0.42
65 247.27 3.38 0.33 0.29
65 324.90 3.92 0.38 0.32
55 464.73 3.37 0.37 0.31
NGC 1904 62 34.95 3.97 0.40 0.34
62 66.39 3.86 0.39 0.33
62 96.01 3.91 0.40 0.34
62 130.71 3.44 0.34 0.30
62 189.35 2.77 0.28 0.24
66 333.52 2.13 0.22 0.19
NGC 2298 20 45.86 1.46 0.42 0.33
19 165.16 2.64 0.68 0.54
NGC 2419 40 25.81 6.70 0.87 0.72
40 65.76 2.95 0.47 0.40
40 109.69 2.41 0.43 0.35
40 159.66 2.03 0.31 0.26
23 251.10 1.23 0.37 0.30
NGC 2808 100 40.10 11.00 0.84 0.74
100 65.98 10.43 0.79 0.70
100 89.91 10.50 0.80 0.70
100 113.40 8.94 0.68 0.60
100 138.03 8.90 0.68 0.60
100 163.27 7.38 0.56 0.50
100 191.13 7.77 0.59 0.53
100 228.39 8.61 0.66 0.58
100 274.86 7.85 0.60 0.54
100 336.28 7.00 0.54 0.48
46 419.74 5.15 0.60 0.51
NGC 3201 80 44.08 3.85 0.34 0.29
80 75.30 4.17 0.37 0.32
80 109.48 3.56 0.31 0.27
80 147.10 3.94 0.34 0.30
80 190.60 3.68 0.32 0.28
80 245.37 3.91 0.34 0.30
80 345.96 3.06 0.27 0.24
68 659.12 2.58 0.25 0.22
NGC 4147 17 39.38 1.75 0.36 0.28
15 174.86 1.54 0.36 0.27
NGC 4372 45 77.51 5.00 0.59 0.49
45 146.34 3.90 0.46 0.39
45 211.26 3.56 0.42 0.35
45 319.62 3.71 0.44 0.36
34 486.61 3.12 0.43 0.35
NGC 4590 45 51.61 3.24 0.39 0.32
45 105.87 3.25 0.39 0.33
45 157.41 2.53 0.32 0.27
45 248.44 2.16 0.27 0.22
44 427.73 1.91 0.25 0.21
NGC 4833 42 64.12 4.82 0.58 0.49
42 128.80 4.16 0.51 0.42
43 244.69 3.48 0.42 0.35
NGC 5024 45 54.91 4.68 0.57 0.48
45 113.21 4.08 0.50 0.43
45 188.12 3.48 0.43 0.36
45 260.37 3.10 0.39 0.33
45 373.37 2.86 0.38 0.31
39 696.11 2.22 0.30 0.25
NGC 5053 19 106.17 1.32 0.30 0.23
19 178.84 1.39 0.30 0.23
17 374.18 0.92 0.23 0.18
NGC 5139 62 40.89 19.09 1.86 1.60
47 67.72 20.12 2.27 1.91
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Table C1 – continued
Name NRV r σ σ u σ l
[arcsec] [km s−1] [km s−1] [km s−1]
125 90.48 17.05 1.14 1.03
250 1056.53 8.40 0.39 0.37
250 121.52 17.87 0.83 0.78
250 1459.37 7.66 0.36 0.34
250 154.90 15.69 0.73 0.68
250 195.05 15.13 0.71 0.66
80 2322.46 7.54 0.64 0.57
250 233.38 14.65 0.69 0.64
250 269.81 13.20 0.62 0.58
250 311.03 13.01 0.61 0.57
250 352.25 13.33 0.62 0.58
250 408.54 11.89 0.56 0.52
250 477.77 12.34 0.58 0.54
250 549.70 11.19 0.53 0.49
250 641.53 10.12 0.48 0.44
250 810.19 9.98 0.47 0.44
NGC 5272 71 17.19 7.07 0.66 0.57
71 53.95 6.41 0.59 0.51
71 92.24 5.94 0.55 0.48
71 132.85 5.62 0.52 0.45
71 182.35 4.72 0.44 0.38
71 258.01 4.28 0.40 0.35
71 352.38 4.86 0.45 0.40
71 517.26 2.60 0.24 0.21
53 844.01 2.21 0.25 0.22
NGC 5286 72 7.91 8.61 0.79 0.69
72 15.72 8.18 0.76 0.65
72 24.39 7.66 0.70 0.61
72 33.16 8.14 0.75 0.65
72 43.34 7.69 0.71 0.62
72 60.29 7.54 0.69 0.60
29 153.95 6.24 0.92 0.74
NGC 5466 25 84.69 1.25 0.28 0.23
25 190.81 1.15 0.22 0.18
25 492.76 1.00 0.24 0.20
NGC 5634 25 43.42 3.56 0.63 0.50
24 112.88 3.44 0.59 0.46
NGC 5694 30 46.47 5.13 0.79 0.64
30 101.06 3.41 0.53 0.43
28 216.87 2.38 0.42 0.34
NGC 5824 45 48.05 7.83 0.94 0.79
45 93.50 5.92 0.72 0.61
45 168.72 4.44 0.57 0.49
37 275.97 4.08 0.59 0.49
NGC 5897 50 79.35 3.09 0.36 0.31
50 139.79 3.38 0.40 0.34
50 193.98 2.69 0.32 0.28
50 248.76 2.28 0.31 0.26
37 361.10 2.68 0.42 0.35
NGC 5904 75 44.37 6.11 0.54 0.48
75 81.68 6.84 0.61 0.53
75 111.81 6.74 0.60 0.52
75 140.65 5.65 0.50 0.44
75 171.86 5.82 0.52 0.45
75 200.02 5.71 0.51 0.45
75 231.65 5.42 0.49 0.43
75 276.69 4.89 0.44 0.39
75 325.71 4.20 0.39 0.33
75 386.41 3.68 0.33 0.29
75 513.37 3.18 0.29 0.25
41 761.48 3.11 0.39 0.33
NGC 5927 60 40.00 5.94 0.60 0.52
60 74.78 4.85 0.49 0.43
Table C1 – continued
Name NRV r σ σ u σ l
[arcsec] [km s−1] [km s−1] [km s−1]
60 111.40 5.46 0.55 0.47
60 160.62 5.38 0.55 0.47
60 229.38 4.75 0.49 0.42
60 330.78 4.19 0.43 0.37
20 453.04 3.68 0.70 0.55
NGC 5986 52 44.88 7.40 0.80 0.69
52 82.61 6.09 0.67 0.56
52 122.97 4.88 0.54 0.46
53 218.69 4.77 0.52 0.45
NGC 6093 75 7.57 9.92 0.88 0.77
75 19.78 8.89 0.79 0.70
75 36.92 7.17 0.65 0.56
75 57.94 7.09 0.64 0.55
75 86.15 6.59 0.60 0.52
71 185.26 5.17 0.48 0.42
NGC 6121 200 50.74 4.65 0.25 0.23
200 90.09 4.61 0.24 0.23
200 120.45 4.47 0.24 0.22
200 144.96 3.99 0.21 0.19
200 169.89 3.98 0.21 0.20
200 194.17 3.94 0.21 0.19
200 221.32 3.86 0.21 0.19
200 253.32 4.25 0.22 0.21
200 284.12 3.83 0.20 0.19
200 321.73 4.03 0.21 0.20
200 358.35 3.78 0.20 0.19
200 400.20 3.48 0.19 0.17
200 453.39 3.20 0.17 0.16
200 515.57 3.27 0.18 0.16
181 678.80 3.26 0.19 0.17
NGC 6139 28 64.03 6.73 1.05 0.84
28 206.42 4.56 0.74 0.60
NGC 6144 19 123.76 1.55 0.83 0.92
NGC 6171 75 38.21 3.61 0.34 0.29
75 83.90 3.60 0.34 0.30
75 130.70 3.48 0.33 0.29
75 195.18 2.88 0.27 0.23
71 338.51 2.60 0.25 0.22
NGC 6205 70 23.55 8.09 0.75 0.66
70 94.23 6.49 0.61 0.52
70 171.63 6.15 0.57 0.49
70 274.07 5.86 0.55 0.47
70 449.25 4.82 0.45 0.39
34 756.11 2.92 0.46 0.38
NGC 6218 70 40.12 4.17 0.39 0.34
70 80.73 3.88 0.36 0.31
70 114.78 3.50 0.33 0.28
70 154.62 3.15 0.29 0.26
70 200.11 2.98 0.28 0.24
70 307.65 2.82 0.26 0.23
20 491.53 2.67 0.51 0.40
NGC 6229 21 82.87 3.48 0.63 0.49
NGC 6254 72 60.72 5.52 0.50 0.44
72 109.68 4.58 0.42 0.37
72 163.12 4.71 0.43 0.38
72 231.41 4.46 0.41 0.35
76 351.24 4.19 0.38 0.33
NGC 6256 15 40.54 3.96 1.04 0.78
NGC 6266 55 56.46 12.30 1.28 1.09
55 92.17 10.75 1.12 0.96
55 135.87 8.12 0.85 0.72
52 226.05 8.64 0.92 0.79
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Table C1 – continued
Name NRV r σ σ u σ l
[arcsec] [km s−1] [km s−1] [km s−1]
NGC 6273 65 46.99 10.28 0.98 0.86
65 84.92 8.94 0.86 0.74
65 135.85 8.79 0.85 0.73
65 224.75 6.75 0.65 0.56
20 372.48 3.84 0.74 0.57
NGC 6284 30 89.04 6.08 0.90 0.73
23 345.91 3.76 0.67 0.53
NGC 6304 65 35.05 5.52 0.53 0.46
65 81.69 4.56 0.45 0.39
63 166.34 4.82 0.48 0.41
NGC 6316 35 44.81 7.06 0.96 0.79
30 127.15 5.90 0.89 0.71
NGC 6341 47 12.83 7.56 0.87 0.73
47 56.20 6.22 0.71 0.59
47 98.41 6.68 0.77 0.65
47 148.62 4.50 0.51 0.43
47 211.98 4.40 0.50 0.43
47 271.00 3.44 0.42 0.35
47 357.10 3.58 0.42 0.35
41 553.08 3.21 0.42 0.36
NGC 6342 19 46.56 3.30 0.65 0.49
NGC 6352 20 77.45 3.80 0.93 0.70
14 187.36 3.39 1.36 1.16
NGC 6355 11 134.53 3.74 1.10 0.79
NGC 6356 20 138.72 4.84 1.04 0.83
NGC 6362 60 40.41 4.04 0.42 0.36
60 84.19 3.19 0.34 0.29
60 132.04 3.43 0.36 0.31
60 213.09 3.09 0.33 0.28
54 343.98 2.56 0.30 0.26
NGC 6366 45 67.08 3.29 0.41 0.35
45 128.70 2.55 0.33 0.28
45 188.71 2.52 0.33 0.28
47 331.62 2.41 0.30 0.26
NGC 6388 60 27.56 12.66 1.28 1.10
60 65.95 11.23 1.12 0.96
60 89.71 12.26 1.21 1.04
60 117.66 9.39 0.94 0.80
60 148.87 8.89 0.88 0.76
60 182.65 8.78 0.88 0.75
60 243.72 6.78 0.68 0.58
61 356.01 5.62 0.56 0.48
NGC 6397 200 20.88 4.83 0.28 0.25
200 43.61 4.27 0.24 0.23
200 70.50 4.51 0.25 0.23
200 104.02 4.52 0.24 0.23
200 135.65 3.93 0.22 0.20
200 167.48 3.70 0.20 0.19
200 202.01 4.04 0.22 0.21
200 239.12 3.61 0.20 0.18
200 274.63 3.77 0.21 0.19
200 309.85 3.52 0.19 0.18
200 347.28 3.45 0.19 0.18
200 388.53 3.46 0.19 0.17
200 439.78 3.43 0.19 0.18
200 498.79 3.05 0.17 0.16
157 598.56 2.97 0.19 0.17
NGC 6402 55 44.83 9.87 1.03 0.88
55 77.93 8.14 0.85 0.72
55 111.58 8.05 0.84 0.72
55 147.55 7.92 0.83 0.71
55 195.62 7.17 0.75 0.64
Table C1 – continued
Name NRV r σ σ u σ l
[arcsec] [km s−1] [km s−1] [km s−1]
56 329.81 5.82 0.61 0.53
NGC 6440 35 21.47 11.66 1.56 1.29
35 66.99 9.62 1.29 1.06
32 141.17 7.54 1.13 0.92
NGC 6441 45 42.42 13.77 1.60 1.35
45 86.14 10.83 1.26 1.06
45 134.02 9.01 1.05 0.88
31 245.73 6.94 1.00 0.81
NGC 6496 40 56.09 3.32 0.47 0.39
40 118.32 2.87 0.39 0.33
40 233.28 1.73 0.27 0.23
NGC 6522 30 30.83 6.09 0.89 0.71
30 70.90 7.23 1.05 0.85
30 112.69 6.97 1.02 0.82
19 185.44 4.66 0.89 0.68
NGC 6528 25 26.00 4.58 0.74 0.59
25 48.57 5.58 0.91 0.72
NGC 6535 20 50.05 2.02 0.38 0.30
10 157.66 1.63 0.49 0.34
NGC 6539 39 40.84 6.16 0.81 0.67
39 89.43 5.29 0.69 0.57
38 194.76 3.81 0.51 0.43
NGC 6540 10 15.95 2.99 0.95 0.65
NGC 6541 50 74.83 5.71 0.63 0.54
50 161.83 5.54 0.62 0.52
48 306.89 3.90 0.45 0.38
NGC 6544 10 301.48 3.09 0.90 0.62
NGC 6553 55 29.41 7.48 0.79 0.67
55 53.30 7.78 0.82 0.69
55 83.37 6.53 0.68 0.59
55 113.49 6.32 0.66 0.57
55 147.16 7.39 0.78 0.66
39 183.27 5.78 0.73 0.61
NGC 6558 17 54.92 2.74 0.56 0.43
NGC 6569 50 35.28 5.76 0.65 0.55
50 86.82 5.45 0.61 0.51
49 161.38 5.43 0.61 0.52
NGC 6624 40 15.77 6.05 0.77 0.64
40 40.32 4.61 0.65 0.54
40 69.46 3.18 0.46 0.39
36 137.77 3.77 0.55 0.46
NGC 6626 48 43.10 9.14 1.03 0.87
48 102.68 7.42 0.83 0.71
48 157.56 7.34 0.83 0.70
47 243.78 6.67 0.76 0.64
NGC 6642 13 139.85 2.94 1.05 0.80
NGC 6656 80 53.89 8.59 0.73 0.64
80 97.65 8.19 0.70 0.61
80 127.70 8.22 0.70 0.61
80 160.62 7.51 0.64 0.56
80 196.27 6.84 0.58 0.52
80 235.14 6.64 0.57 0.50
80 293.29 6.67 0.58 0.51
80 362.47 5.77 0.50 0.44
79 535.74 5.50 0.50 0.44
NGC 6681 15 17.07 5.42 1.21 0.89
16 63.29 4.13 0.92 0.69
NGC 6712 50 34.87 4.76 0.53 0.45
50 65.60 4.25 0.48 0.40
50 105.27 3.92 0.45 0.38
48 167.20 3.93 0.45 0.38
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Table C1 – continued
Name NRV r σ σ u σ l
[arcsec] [km s−1] [km s−1] [km s−1]
NGC 6715 65 34.65 8.57 0.82 0.71
65 61.60 8.51 0.81 0.70
65 93.75 7.99 0.76 0.66
65 125.34 8.17 0.78 0.68
65 163.69 6.33 0.61 0.52
65 227.99 5.41 0.52 0.46
65 308.98 7.68 0.73 0.64
69 427.62 9.21 0.85 0.74
NGC 6723 65 43.58 4.36 0.43 0.37
65 85.94 4.50 0.44 0.38
65 128.27 4.65 0.45 0.39
65 173.89 3.49 0.35 0.30
67 266.50 2.77 0.27 0.24
NGC 6749 15 98.27 2.64 0.94 0.72
NGC 6752 100 43.45 6.81 0.52 0.46
100 89.68 5.89 0.46 0.40
100 134.53 5.83 0.45 0.40
100 173.54 5.24 0.41 0.35
100 212.06 5.29 0.41 0.36
100 252.86 5.03 0.39 0.34
100 289.63 4.83 0.38 0.33
100 332.43 3.70 0.29 0.26
100 395.07 4.05 0.31 0.28
100 480.33 4.16 0.33 0.29
94 775.63 2.90 0.25 0.23
NGC 6760 23 122.66 5.55 1.36 0.99
NGC 6779 28 87.38 5.06 0.85 0.69
28 123.24 4.12 0.75 0.62
25 189.98 4.32 0.80 0.65
NGC 6809 85 47.34 3.91 0.33 0.30
85 95.92 3.75 0.32 0.29
85 142.16 3.95 0.34 0.30
85 183.98 4.19 0.36 0.31
85 234.10 4.26 0.36 0.32
85 317.55 3.98 0.34 0.30
72 553.86 3.12 0.30 0.27
NGC 6838 50 27.96 3.61 0.41 0.34
50 64.13 2.83 0.32 0.27
50 111.03 2.88 0.33 0.28
50 166.31 2.25 0.26 0.22
37 342.98 2.42 0.32 0.26
NGC 6864 20 41.92 7.53 1.53 1.18
20 72.19 6.27 1.34 1.05
19 148.60 5.91 1.21 0.93
NGC 6934 15 83.49 3.42 0.77 0.56
14 265.63 1.51 0.38 0.28
NGC 7006 15 32.47 3.34 0.89 0.65
10 65.45 2.78 0.92 0.64
NGC 7078 110 6.70 11.69 0.87 0.78
110 16.96 11.80 0.86 0.77
110 26.78 11.04 0.81 0.72
110 35.70 9.28 0.68 0.61
110 45.74 9.06 0.66 0.59
110 58.80 8.57 0.62 0.56
110 74.66 7.40 0.55 0.49
110 97.84 6.66 0.49 0.44
110 129.35 6.68 0.49 0.44
110 169.89 4.80 0.35 0.31
110 224.19 4.78 0.35 0.31
110 300.90 2.98 0.22 0.20
110 459.47 2.85 0.22 0.19
43 725.37 3.45 0.43 0.36
Table C1 – continued
Name NRV r σ σ u σ l
[arcsec] [km s−1] [km s−1] [km s−1]
NGC 7089 50 38.48 9.52 1.04 0.89
50 76.25 8.07 0.89 0.76
50 115.04 8.15 0.90 0.76
50 148.38 7.00 0.78 0.66
50 189.45 6.11 0.69 0.59
50 240.33 5.16 0.58 0.49
50 301.41 5.10 0.59 0.50
50 399.83 4.35 0.51 0.44
38 656.70 5.00 0.66 0.55
NGC 7099 79 20.73 4.59 0.47 0.41
79 50.74 4.00 0.37 0.32
79 83.45 3.99 0.36 0.31
79 112.65 3.87 0.35 0.31
79 142.92 3.55 0.32 0.28
79 183.11 3.12 0.29 0.26
79 242.92 2.64 0.25 0.22
79 304.48 2.34 0.24 0.20
75 442.88 2.25 0.24 0.21
NGC 7492 16 35.21 1.35 0.30 0.23
13 75.65 1.27 0.32 0.23
Pal 2 16 58.86 4.73 1.10 0.83
Pal 3 19 19.73 1.27 0.39 0.29
Pal 4 24 26.12 0.89 0.21 0.17
Pal 5 15 86.49 0.55 0.15 0.11
17 205.13 1.66 0.36 0.28
Pal 11 18 71.82 3.21 1.32 1.21
Pal 12 21 74.58 0.86 0.29 0.24
Pal 14 16 70.69 0.39 0.14 0.11
Pyxis 20 64.93 1.25 0.26 0.20
18 140.44 0.74 0.19 0.15
Rup 106 20 69.90 2.00 0.46 0.36
20 142.33 1.84 0.37 0.29
Ter 1 15 41.88 7.10 1.57 1.17
12 134.96 5.31 1.43 1.04
Ter 3 22 72.01 2.25 0.53 0.40
Ter 5 35 6.51 18.00 2.42 1.98
35 20.50 16.89 2.26 1.86
35 47.53 13.36 1.82 1.49
29 109.84 12.01 1.84 1.49
Ter 6 14 49.24 5.87 1.36 1.00
Ter 7 21 35.24 1.01 0.23 0.17
21 94.35 0.52 0.14 0.11
Ter 8 35 59.33 1.04 0.24 0.20
36 139.23 1.24 0.25 0.20
Ton 2 22 92.45 2.73 0.77 0.60
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Table D1. Individual stellar radial velocities for stars in the field of Arp 2. The table gives the cluster name, the 2MASS ID, the right ascension and declination,
the average heliocentric radial velocity and its 1σ error, the distance from the cluster centre, the 2MASS J and KS band magnitudes, the membership probability
based on the radial velocity and the number of radial velocity measurements. For stars with multiple radial velocity measurements, the probability that the star
has a constant radial velocity is given in the final column. Full versions of Tables D1 –D53 are available only online.
Name 2MASS ID RA Dec. RV d J KS Prob. NRV Prob.
[J2000] [J2000] [km s−1] [”] [mag] [mag] Mem. Single
Arp 2 292.055125 −30.408778 121.22 ± 2.75 443.07 0.704 1
Arp 2 19281376-3020014 292.057344 −30.333748 153.94 ± 0.88 400.72 14.74 ± 0.04 13.97 ± 0.07 0.000 1
Arp 2 19281572-3016559 292.065539 −30.282202 −61.18 ± 1.64 452.74 15.25 ± 0.05 14.80 ± 0.12 0.000 1
Arp 2 19283875-3020200 292.161484 −30.338905 125.30 ± 0.62 91.86 16.69 ± 0.15 17.00 0.129 1
Arp 2 19284024-3021598 292.167701 −30.366631 123.27 ± 0.42 63.79 15.50 ± 0.07 14.89 ± 0.14 0.669 2 0.893
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
Table D53. Same as Table D1 for stars in the field of Ter 8.
Name 2MASS ID RA Dec. RV d J KS Prob. NRV Prob.
[J2000] [J2000] [km s−1] [”] [mag] [mag] Mem. Single
Ter 8 295.286292 −34.052194 145.71 ± 2.25 482.66 0.261 1
Ter 8 295.302250 −34.012500 147.82 ± 2.29 399.02 0.779 1
Ter 8 19411316-3403599 295.304859 −34.066650 −66.97 ± 0.99 457.49 15.65 ± 0.06 15.70 ± 0.23 0.000 1
Ter 8 19411449-3405234 295.310392 −34.089840 −48.27 ± 2.67 494.02 16.73 ± 0.14 16.00 0.000 1
Ter 8 295.316917 −33.947944 164.88 ± 2.75 398.44 0.000 1
.
.
.
.
.
.
.
.
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A P P E N D I X E: FI T S O F T H E SU R FAC E
D ENSITY A N D VELOCITY DISPERSION
PRO F ILES OF INDIVIDUAL CLUSTERS
Figs E1 –E15 depict our fits to the observed surface density and
velocity dispersion profiles for clusters with more than 100 mem-
ber stars. The surface densities in the left-hand panels are normal-
ized to 1. In the right-hand panels, the proper motion data from
Watkins et al. (2015a) are shown by orange circles while the ra-
dial velocity dispersion profiles derived in this work are shown by
blue circles. The predictions of the best-fitting N-body models are
shown as solid, red lines. For clarity we show only the predicted
radial velocity dispersion profiles. The proper motion dispersion
profiles usually agree with the radial velocity ones to within a few
per cent.
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Figure E1. Fit of the surface density profiles (left-hand-hand panels) and velocity dispersion profiles (-handright-hand panels) for NGC 104, NGC 28,8, NGC
362, and NGC 1261. I-handn the right-hand panels, the observed proper motion dispersion profile of Watkins et al. (2015a) is shown by orange circles while
the radial velocity dispersion profile derived in this work is shown by blue circles. In order to convert proper motions to velocities, we use the distances given
in Table 2. Triangles mark the radial velocity dispersion profiles from Kamann et al. (2018). Red curves show the surface density (left-hand-hand panel) and
line-of-sight velocity dispersion (-handright-hand panel) of the best-fitting N-body model for each cluster. The lower panels show the differences between the
observed data and the N-body models. The N-body data usually provide an excellent fit to the observed data for the depicted clusters.
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1544 H. Baumgardt and M. Hilker
Figure E2. Same as Fig. E1 for NGC 1851, NGC 1904, NGC 2419, and NGC 2808. As discussed in the main text, we use a radially anisotropic King model
to fit NGC 2419.
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Structural parameters of 112 globular clusters 1545
Figure E3. Same as Fig. E1 for NGC 3201, NGC 4372, NGC 4590, and NGC 4833.
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1546 H. Baumgardt and M. Hilker
Figure E4. Same as Fig. E1 for NGC 5024, NGC 5139, NGC 5272, and NGC 5286. The red, solid lines for NGC 5139 show the best-fitting no IMBH model
from Baumgardt et al. (2018).
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Structural parameters of 112 globular clusters 1547
Figure E5. Same as Fig. E1 for NGC 5824, NGC 5897, NGC 5904, and NGC 5927.
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1548 H. Baumgardt and M. Hilker
Figure E6. Same as Fig. E1 for NGC 5986, NGC 6093, NGC 6121, and NGC 6171.
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Structural parameters of 112 globular clusters 1549
Figure E7. Same as Fig. E1 for NGC 6205, NGC 6218, NGC 6254, and NGC 6266.
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1550 H. Baumgardt and M. Hilker
Figure E8. Same as Fig. E1 for NGC 6273, NGC 6293, NGC 6304, and NGC 6341.
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Structural parameters of 112 globular clusters 1551
Figure E9. Same as Fig. E1 for NGC 6362, NGC 6366, NGC 6388, and NGC 6397.
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1552 H. Baumgardt and M. Hilker
Figure E10. Same as Fig. E1 for NGC 6402, NGC 6440, NGC 6441, and NGC 6496.
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Structural parameters of 112 globular clusters 1553
Figure E11. Same as Fig. E1 for NGC 6522, NGC 6539, NGC 6541, and NGC 6553.
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1554 H. Baumgardt and M. Hilker
Figure E12. Same as Fig. E1 for NGC 6569, NGC 6624, NGC 6626, and NGC 6656.
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Structural parameters of 112 globular clusters 1555
Figure E13. Same as Fig. E1 for NGC 6712, NGC 6715, NGC 6723, and NGC 6752.
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1556 H. Baumgardt and M. Hilker
Figure E14. Same as Fig. E1 for NGC 6809, NGC 6838, NGC 7078, and NGC 7089.
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Structural parameters of 112 globular clusters 1557
Figure E15. Same as Fig. E1 for NGC 7099, Terzan 5, and Terzan 8.
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